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Introduction
Recent progress in molecular beam epitaxy (MBE) has resulted in the ability to grow a variety of novel devices. One such device that is receiving much attention is the Vertical Cavity Surface Emitting Laser (VCSEL). Because of the small cavity size, the gain length in a VCSEL is short. This necessitates a mirror with high reflectivity in order for the VCSEL to reach threshhold. For ease in processing, the high reflectance mirrors in VCSELs are typically semiconductor distributed Bragg reflector (DBR) mirrors. While such mirrors are critical to the functioning of the VCSEL device, they might also play another role in an interconnected system of VCSELs.
In this paper, we explore the feasibility of using the DBR grown on the substrate for a VCSEL t o provide waveguiding within the substrate. This waveguiding could serve as an interconnection among VCSELs in an array.
Before this system concept can be analyzed, the waveguiding properties of a DBR grown on a substrate must be studied. There are two approaches which can be taken for this analysis. One is a standard thin film analysis of planar multilayer waveguides. The other is an analysis employing an understanding of wave propagation in periodic media. As the DBR is made up of approximately 25 quarter wave pairs, it can be considered a periodic medium. Since both these approaches appear at first look to be applicable, we will present both of the approaches and explain their appropriateness to the problem of interest.
With the analysis methods explained, we will then present some results from the analysis. These results will be discussed, and some general ideas of how waveguiding in VCSEL structures can be used in systems will be presented.
The analysis methods and tools presented and developed here can be used to make design calculations for any system concept using waveguiding in VCSEL structures. Issues such as epitaxial tolerances, distances and materials can also be addressed.
This will be the subject of a subsequent report.
Analysis Methods
To determine which analysis methods are appropriate to find the waveguiding properties of VCSEL structures, we must first get a clear understanding of what we want t o analyze.
Consider a typical VCSEL structure. A simplified schematic is shown in Figure 1 .
We are interested in perhaps guiding the emitted laser light within the substrate by coupling it into an appropriate mode via a diffractive optical element (DOE) on the substrate/air interface.
For our purposes, there are several things required from an analysis of the air- substrate-DBR structure. First, it must be determined whether or not a mode can be guided in the substrate. Then, the propagation constant of the guided modes (if any) need to be found. Also, the loss associated with any propagating modes must be calculated. Based on these results, the feasibility of interconnecting VCSELs using these waveguides can be assessed.
There are two analysis approaches for this type of structure: (1) the electromagnetic analysis of propagation in a periodic media [YY84, Yeh881; and (2) the field transfer matrix approach for planar multilayer waveguides IBW7.5, CH84j. In the following sections, these two methods will be described. The application and appropriateness of each method to the problem of interest will also be discussed. (1)
where I< is a constant, called the Bloch wave number, and E K ( z ) is periodic, with the same period as the periodic media. The periodic medium is shown in Figure 2 .
Each repeating period is referred to as a unit cell.
The equations for a Bloch wave are derived using the matrix method and translation operator applied to a periodic medium. Details can be found in Refer- The following equations are used in describing a TE Bloch wave.
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The Bloch wave in the layer with index n1 in the nth unit cell of the periodic medium is and the Bloch wave number can be written explicitly as a. and bo refer to the magnitude oE an incident and reflected wave on layer nl in the first unit cell.
There are several points to note about Bloch waves. First, the waveform consists of a periodic function multiplied by eiKz.. Regions where correspond to real I(, and hence propagating Bloch waves.
Where lvl > 1, Ii' is complex with a value of I( = y+iK;. I(; is the imaginary part of IC, and rn is an integer. In these regions, the Bloch wave is evanescent.
These are considered the forbidden bands of the periodic medium.
For a waveguide, as in Figure 3 , with a low, constant index material as one cladding nc< n g . . . and a periodic index medium as the other cladding, the assumed solution for the electric field of t h e TE mode is:
where
Continuity of the field and its derivative on the two interfaces, x = 0 and x = --t must be satisfied. This requires the following dispersion relation to be satisfied for TE modes. This type of confined and lossless mode propagation can also be explained in a more intuitive manner [YYH77] . In order for guiding, the mode must experience complete reflection at both interfaces. The reflection at the guide-periodic medium interfaces requires that the mode correspond t o a forbidden gap in the periodic medium. In order t o ensure that the mode propagates, the round trip phase delay in the guiding region must be a multiple of 27r.
In practice, the periodic medium is finite in extent, hence there will not be 100% reflectance at the guide-periodic medium boundary, resulting in loss. The effective attenuation can be estimated from the following rationale.
[YehSS]
The reflectivity, R, of a finite Bragg reflector with N unit cells can be written as Let 8 be the angle of incidence of the guided ray in the guide layer. With each round trip, t,he ray travels a distance of 2t tan 8 along the direction of propagation. Therefore, the number of roundtrips a ray makes while traveling a distance L along t h e waveguide is L 2t tan 6'
N =
The attenuation with each round trip is R, therefore the attenuation with N round trips is R' . Using the standard form for an attenuation constant,
In R a = -2 t t a n 8 2pt dB If t is given in units of meters, then the attenuation in is given by 2( 4 . 3 4 )~ 100 .
TM modes
The equations for T M modes are the same as the TE mode equations, except for A, B, C, D and the dispersion equation. The appropriate equations are as follows.
layer Waveguides Field Transfer Matrix Approach for Planar Multi-
The second method proposed to analyze the waveguiding situation in Figure 1 is based on having a unimodular field matrix, Mj, to relate the field amplitudes Uj,V, at a distance xj to the corresponding amplitudes at another point, rCH841
The total electric or magnetic field waves are sums of positive and negative-going waves, and have t h e form (29 1 where
The geometry is illustrated in Figure 4 .
For the TE case, with propagation in the y direction, U refers t o E,, and V refers to -Hy. In this case, the unimodular transfer matrix is (37)
For a stack of J films, the field transfer matrices multiply,
For a waveguide composed of a stack of thin films, as in Figure 4 , the fields in the cover can be related to those in the substrate by where M is the transfer matrix for the stack of films. 
Bound Modes
For bound modes, the fields in the cover and substrate must decay exponentially from the stack (Le. Consequently, the waves in the cover are negative-going waves, and those in the substrate are positive-going. Equation 39 becomes the radiation condition must be satisfied).
[
Equivalently, the condition €or a bound mode is Only a set of discrete roots (i.e. discrete , B values) satisfy the modal condition.
According to the propagation directions and conventions assumed earlier, Equation 41 requires (IS and QC to have positive imaginary parts.
For a lossless dielectric waveguide, P is real, and P > nc,ns. As a result, x(P) is imaginary.
Radiation Modes
For radiation modes, the field in the cover and substrate is a standing wave. Technically, the mode could decay exponentially on one interface and be a standing wave on the other. For a full radiation mode (standing wave on both claddings), , B < nc,ns. Equation 39 still is valid, but the modal condition, Equation 41, is not satisfied. There is a continuum of p values for radiation modes.
Leaky Modes
Leaky modes are extensions of the bound modes that occur below the cutoff of the standard bound mode. For leaky modes, the modal condition, Equation 41, is satisfied, but /3 takes on complex values. Complex /3 values for leaky modes are discrete.
The derivation for x(P) in Equation 41 relied on the choice of positive-going or negative-going waves in the bounding media t o satisfy the radiation condition.
When /3 is complex, it is only the inward-traveling (Le. going toward the stack) wave that can satisfy the radiation condition. Therefore, for leaky modes, the assumptions for the waves in the cover and substrate are opposite the assumptions made for guided modes. Consequently, in order to use Equation 41, as and CYC must have negative imaginary parts. Because the real and imaginary parts €or any Q in a lossless medium are of opposite sign, the previous condition is equivalent to requiring the real parts of as and QC t o be positive.
ysis Methods
Comparison and Appropriateness of the AnalThe two methods described above are very similar in their approach of assuming general forms of the solutions for the fields, and then choosing appropriate constants to ensure that Maxwell's equations and boundary conditions are satisfied. The key difference, however, is in the assumed wave forms.
For the case shown in Figure 3 , the assumed wave form in the periodic media for the first method is given by Here, p is real, and IC is complex.
The assumed wave form in the periodic media for the second method is given by E ( x , z ) = (cle i k a x + C 2 e -i k a x ) e i k p z
In this case, p is complex.
(43)
Comparing Equations 42 and 43, there are some differences.
In Equation 42, the terms in the square brackets form a periodic function. Therefore, the assumed wave form is a periodic function multiplied by a complex exponential in 2. The propagation constant (in the z direction) is real; hence there is no loss with propagation in the z direction.
In Equation 43, there is no complex exponential in z multiplying the periodic terms in parentheses. Also, the propagation constant (in the z direction) in this case is complex, so there is loss with propagation in the z direction.
In the Bloch analysis, the solution is a confined, lossless mode (assuming a periodic medium that is semi-infinite in extent). In the thin film analysis, t h e mode is confined, but it is not lossless.
This now brings up the question of which method t o use. According t o the Floquet theorem, the Bloch wave is the appropriate form for a wave propagating in a periodic medium. Therefore, the appropriateness of the two methods depends on whether or not the layered medium can be considered a periodic semi-infinite medium.
We refer t o Reference [CYY77], in which the confined propagation was observed in a Bragg reflection waveguide. Although the oscillatory behavior in the layered Bragg medium could not be resolved in their experimental setup, attenuation measurements eliminate the possibility that the observed mode is a leaky mode.
Also, calculations show that the K values for such a Bragg reflection waveguide are such that the field has severely decayed after a few periods. Consequently, a 'There is attenuation, because the Bragg reflector has a finite number of periods. finite number of periods can be a good approximation to the semi-infinite layered medium, initially assumed for the Bloch waves. The electromagnetic analysis of the propagation in a periodic media using Bloch waves has been implemented in Mathematica [WolSl] . The code is shown in Appendix A. T h e structure modeled in this example is shown in Figure 3 , with parameter values given in Table 1 . Values for A, n l , n2, ng, n a , t , b and a fully describe the structure. Figure 5 is a plot of 1 9 1 -1 vs. kp. When the curve in Figure 5 is greater than zero, the Bloch propagation is in the forbidden region. This is required for a guided mode. For any value of j? that satisfies the requirement of propagation in the forbidden region in Figure 5 , the right hand side of Equation 17 is real. This is seen in 
Parameter
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-2 .
-4 . 
Field Transfer Matrix Approach
For completeness, code written to implement the unimodular matrix method is included in Appendix B. There are two versions, depending on the structure to be analyzed. In both cases, the thickness and index of each layer must be specified. In one version, each layer is explicitly described. In the other version, which is appropriate for the periodic layered structure in Figure 3 , the thicknesses and indices to describe one unit cell are explicitly given, along with the number of unit cells. The correctness of the implementation with explicitly described layers has been verified by applying it to a conventional, 3-layer, dielectric slab waveguide. Results agree with other methods.
VCSEL Structures Examples of Confined Lossless Modes in a
In this section we present the results of the Bloch analysis method applied to two examples. A schematic for the structure for both cases is given in Figure 3 .
Example 1
The parameters for the first example are given in Table 1 .
Five confined, lossless modes of the structure are shown in Tables 2 and 4 show that various confined, "lossless" modes can be supported by a structure such as in Figure 3 , depending on the guide thickness.
Discussion
The imaginary part of the Bloch constant, Ki, gives an indication of how fast the Bloch wave is attenuated in the direction of the gradient of the periodic medium.
The smaller the value of IC;, the further away from the guide-periodic medium boundary the Bloch wave can be seen. Consequently, for smaller IC;, a larger number of unit cells in the periodic medium are required to make the Bloch analysis valid.
It is seen that as the number of unit cells, N , in the periodic medium increases, the effective attenuation decreases. This is to be expected, because as N increases, the reflectivity increases, and more energy is reflected back into the guide at the guide-periodic medium boundary.
The effective attenuation is also a function of the thickness of the guide. For an imperfect reflector, ( R < 1), each "bounce" in the guide corresponds t o energy going into the periodic medium. For a given mode and a given length along the guide, there are fewer bounces in a thicker guide. Therefore, the effective attenuation is less for a thicker guide, assuming no scattering in the guide.
Although it is difficult to make exact comparisons because of different guide thicknesses, the effective attenuations for Example 2 are greater than for Example 1. This makes sense, because the distributed Bragg reflector in Example 2 has a smaller An between the two layers of a unit cell and, hence, is not as good a reflector as the DBR in Example 1.
Waveguide Interconnected VCSELs
As we have seen in the previous section, various confined, lossless modes can be supported by a structure as in Figure 3 , depending on the guide thickness. For a fixed guide thickness, a discrete number of confined, lossless modes are supported. Figure 10 is a plot of the LHS and RHS of Equation 17 as a function of k,B for the structure described in Example 1 and a guide thickness of 100 p m . Intersections of the two curves correspond to supported modes. Each of these modes propagates with a different propagation constant, and corresponding angle in the guide.
As in Figure 1 , a diffractive optical element (DOE) could be placed on the guidecover interface, t o couple the laser light into one of the confined, lossless modes Figure 10 : Solutions t o the dispersion equation for the structure described in Example 1 and a guide thickness of 100 pum.
described above. The DOE could also be designed so that it couples into a number of the supporting modes.
Different lasers with different wavelengths can also be grown on the same substrate. For each color, there are likely supported confined, lossless modes. This is demonstrated in Figure 11 , which shows the dispersion equation for the structure in Example 1, with X = .98 x X = -99 x and X = 1.3 x DOES are sensitive to both incident angle and wavelength. By placing other DOES along the cover-guide boundary, the output laser light may be directed in a large variety of ways. This could be used to implement broadcast or selective coupling among VCSELs on the same substrate.
In addition, this type of guiding can allow the light from a number of VCSELs to be easily coupled out into a single fiber, whose dimecsions are the same as the substrate (guide) thickness. This light could be composed of different modes, corresponding t o different modes from the same VCSEL and/or from different VCSELs.
There are many possible scenarios in which waveguide interconnected VCSELs could be useful. Using the tools presented in the previous sections, system concepts incorporating waveguide interconnected VCSELs can be evaluated. The tools are also useful in making the design calculations for specific implementations. 
Conclusion
In this report the feasibility of using the DBR grown on the substrate for a VCSEL to provide waveguiding within the substrate has been shown. The guided modes in such a structure are confined, but not strictly lossless, due to the finite extent of a manufactured DBR.
Before determining the feasibility of waveguide interconnected VCSELs, two analysis methods were presented and evaluated for their applicability t o this problem. Both methods were implemented in Mathernatica. The Bloch wave method was shown to be t h e appropriate analysis method for the structure under consideration.
There are many possible uses of waveguide interconnected VCSELs. The tools and analysis presented in this report can be used t o evaluate such system concepts and to do detailed design calculations.
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